It is usually expected that surface tension driven flow dominates at small scales. Evaporation from the meniscus of ethanol/methanol confined in a capillary induces Marangoni convection at the meniscus which has been investigated by previous researchers. However, Marangoni convection is unexpectedly absent at an evaporating water meniscus confined inside a small micro-channel which is reported in this work. The velocity near the water meniscus is studied using confocal micro-PIV. The water meniscus is formed at the end of a micro-channel filled with water keeping the meniscus exposed to atmosphere. The flow near the evaporating water meniscus is caused by combined effect of capillary flow to replenish water loss at the meniscus and buoyancy flow caused by evaporation induced temperature gradient. Unidirectional capillary flow dominates for small capillary size where as circulating buoyancy convection dominates in larger capillary size. The reported unexpected behavior of flow at the evaporating water meniscus will be helpful to understand the inter-facial phenomena in future studies.
I. INTRODUCTION
Evaporation induced flow is found in many microscale environments like droplet, meniscus, thin films etc. Evaporation from liquid meniscus has many potential application in heat pipes, micro-scale heat exchangers, porous media and many other microfluidics devices. Evaporating induced mass transfer near the meniscus can be used for coating of surfaces [1, 2] . Understanding the hydrodynamics of fluid interface during evaporation is very essential to study these system. Inter-facial flow near an evaporating meniscus has been a subject matter of research by many researchers due to its potential application in these above mentioned applications. Experimental studies by Buffone et al. [3] , Dhavaleswarapu et al. [4] show that the flow pattern near evaporating meniscus of ethanol and methanol induces strong circulating flow near the meniscus. They observed that uneven evaporation from the curved meniscus causes temperature gradient along the meniscus which leads to surface tension gradient along the liquid-air interface [5] . Surface tension gradient along the liquid surface induces thermocapillary convection causing circulating loops near the evaporating meniscus. For smaller channel size, two symmetric circulating loop is observed due to thermocapillary convection. When the size of the channel becomes larger, the circulation in the vertical plane becomes asymmetrical due to the effect of gravity. Numerical study mentioned in previous literature [6] [7] [8] show similar result where thermal Marangoni convection dominates the flow pattern in smaller scale. Such thermocapillary convection is observed both in horizontally oriented capillary [9] and vertically oriented capillary [10, 11] . Evaporating meniscus of alcoholic solution of ethanol-water mixture also shows surface tension driven flow causing two circulating loops. * tapan.k.pradhan@gmail.com All the evaporating meniscus mentioned in the above literature emphasizes on thermocapillary convection driven by surface tension gradient. In this work, we have reported a strange behavior of evaporating water meniscus where surface tension driven flow at the interface is absent in spite of small characteristic length. The behavior of the fluid flow near the water meniscus is completely different than the reported work by previous researchers. We experimentally measure the fluid velocity near the evaporating water meniscus using micro-PIV technique.
II. EXPERIMENTAL DETAILS
A water meniscus was formed at the end of a square glass capillary.
Two square capillaries having size 500 µm × 500 µm and 1000 µm × 1000 µm were taken for the study. The capillaries were filled with DI water. One of the meniscus was formed at one end of the channel. The other meniscus of water lied inside the capillary. The schematic of the setup is shown in Figure 1 . A part of the channel was made hydrophobic using OTS treatment [12] where the inside water meniscus lies which is shown in the left part of the channel. The hydrophobic surface allows the left meniscus to move freely without resistance inside the channel. The right meniscus remained pinned at the channel end throughout the evaporation. The left meniscus receded and moved towards the right to compensate the loss of water at the right meniscus. The capillaries were placed in horizontal position during the velocity measurement. The right meniscus formed a contact angle of 64 0 ± 5 0 at the end of the channel and remained constant throughout the evaporation process. Dropsnake [13] method was used to measure the contact angle of the meniscus. The experiment was performed in a environment having ambient temperature (T ∞ ) of 25 0 C and relative humidity of 35 % ± 5 %.
Velocity measurement inside the channel was measured by micro-PIV method. Polystyrene particles tagged with fluorescent having diameter (d p ) 2 µm were mixed with the water for flow tracing required for PIV measurement.
Flow measurement was carried out near the right meniscus. Images required for PIV evaluation were captured using a confocal microscope. A laser source (Ar ion) of wavelength 488 nm was used to illuminate the fluorescent particles. The illuminated fluorescent particles were captured by the PMT present in the confocal microscope. The size of the images was set equal to 1024 × 125 pixels. The time interval between the two images was kept at 1.5 sec. The images were processed by a PIV evaluation software (Dynamic studio V1.45) to obtain the velocity field using adoptive cross correlation algorithm. The interrogation area during the PIV evaluation was kept equal to 16 × 16 pixels with interrogation area overlap of 25%. The possible error caused by random Brownian motion of the tracer particles is eliminated by averaging the results over ten velocity measurements [14, 15] . The density (ρ) of water at 25 0 C is equal to 997 kg/m 3 [16] . Viscosity of water at 25 0 C is equal to 8.9 × 10 −4 P a · s [16] . Relaxation time of the tracer particles is calculated as,
18µ . The relaxation time in the present work is equal to 2.75 × 10 −4 sec which is very less as compared to the time pulse between two consecutive images captured for PIV measurement. Hence, the particles quickly adjusted themselves to the change in flow of the water and follow the fluid faithfully. The density of the tracer particles is equal to 1050 kg/m 3 . Settling velocity of the particles is given by
g. The settling velocity is equal to 0.13 µm/s. The settling velocity is very less as compared to the measured velocity in the experiment. Hence, the effect of settling of particles on the velocity measurement of fluid can be neglected.
III. RESULTS AND DISCUSSION
Evaporation induced flow near the meniscus is presented in this section. Evaporation only occurs from the right meniscus which is exposed to the atmosphere. There is no evaporation from the left meniscus which is inside the micro-channel due to confinement effect which is studied in our previous work [17] . Extended channel wall beyond the left meniscus suppresses the evaporation from the meniscus. The flow induced near the evaporating water meniscus depends on the channel size. We have studied the flow convection for two channel sizes. One is for small capillary having cross-section 500 µm × 500 µm and other is for large capillary having cross-section 1000 µm × 1000 µm. The results of the both channel size have been reported in two subsections.
A. Small channel
The flow pattern near the evaporating water meniscus for small channel case is presented in this section. The velocity vector field near the meniscus of small capillary is presented in Figure 2 at a distance of 100 µm and 400 µm from the lower surface. Fluid near both the bottom and top surface moves unidirectionally towards the evaporating meniscus. All the flow field presented here is 2D velocity field. Similar velocity measurements are carried out at 10 X-Y planes.
Three dimensional velocity field was reconstructed using continuity equation from these two dimensional velocity measurements at different planes [18] . The reconstructed velocity field is presented along a vertical plane at the center of the capillary which is shown in Figure 3 which gives a better picture of the flow physics. All the velocity vectors show the movement of water towards the meniscus. Evaporation from the meniscus causes loss of water at the meniscus. Water from inner region moves towards the evaporating meniscus to compensate the water loss and the flow is described as capillary flow. Similar flow is observed in evaporating droplets where fluid flows towards the contact line to replenish the water loss due to evaporation as described by Deegan et al. [19] . From the Figure 2 (a) and (b), it is found that the velocity vector is higher at the edge of the evaporating meniscus. This can be explained by the evaporative flux distribution along the meniscus. The evaporative flux from the meniscus is obtained by solving diffusion equation of water vapor in air. Evaporation from the meniscus can be modeled as steady diffusion driven [20] [21] [22] . The transport of vapor occurs due to the vapor concentration difference between the meniscus interface and the ambient air. The governing equation for vapor transport is given by
Here, C is the vapor concentration in air. The vapor concentration at the liquid-air interface is equal to the saturated vapor concentration (C s ) corresponding to the ambient temperature. The vapor concentration in the ambient air is given by C ∞ = φC s . Here, φ is the relative humidity of ambient air. The value of C s is equal to 2.31 × 10 −2 kg/m 3 [16] and C ∞ is equal to 0.81 × 10 −2 kg/m 3 . The boundary conditions are summarized as follows, C = C s at meniscus surface, (2a) C = C ∞ = φC s at far ambient air,
∇C · n = 0 at channel surface.
The diffusion equation is solved in COMSOL Multiphysics software to get the evaporative flux from the meniscus interface. The simulation is performed in the surrounding air domain. The evaporative flux is given by
The evaporative flux distribution obtained from the simulation is presented in Figure 4 . It shows a higher evaporative flux at the edge of the meniscus as compared to the center of the meniscus. Evaporation from the meniscus drives the fluid from the inner region towards the evaporating meniscus to compensate the water loss. The evaporation induced normal velocity of the fluid at the evaporating meniscus can be given by
The normal velocity at the evaporating meniscus is directly proportional to evaporative flux. Hence, higher velocity is observed near the edge of the meniscus as evaporative flux is higher at this region. Maximum value of evaporative flux obtained from the simulation is equal to 1.36 × 10 −3 kg/m 2 s. From the above equation (eq 4), the capillary flow velocity is found to be equal to 1.4 µm/s which is of same order of magnitude that observed from the experiment. Other possible flow mechanism caused by evaporation are Marangoni effect [23] [24] [25] [26] and buoyancy effect [27, 28] along with capillary flow as mentioned above. Each of the mechanisms is depicted in Figure 5 when decoupled from each other. Thermal Marangoni convection is expected to be the most dominant flow mechanism for small scale. Dominant of surface tension force can be estimated from the capillary length, l c = σ ρg . The value of surface tension (σ) is equal to 7.2 × 10 −2 N/m [16] . The value of capillary length for the present case is equal to 2.7 mm. The characteristic dimension of our system (0.5 mm and 1 mm) is much less than the capillary length. Hence, surface tension driven effect is expected to be dominated over other effects. Higher evaporative flux at the corner causes less temperature leading to high surface tension. Fluid from the low surface tension region from the center region of meniscus should flow to the high surface tension region creating two circulating loops as presented in Figure 5(b) . Marangoni number for the present case can be written as Ma =
The value of Marangoni number is equal to 230 which is much more than the critical Marangoni number, 80 ( [29, 30] ). Such high Marangoni number may cause strong Marangoni convection. Unexpectedly such type of flow pattern is not observed in case of water meniscus in spite of small length scale and high Marangoni number. However, strong thermocapillary circulating flow is observed in evaporating methanol and ethanol meniscus [3, 4] caused by uneven evaporation. Another flow mechanism is buoyancy effect caused by temperature gradient owing to the evaporation at the meniscus. Evaporation from the meniscus lowers the temperature which increases the density. Hence, fluid at the evaporating interface moves in downward direction creating a circulating loop as depicted in Figure   5 (c). The flow observed in Figure 3 is not symmetric like capillary flow as depicted in Figure 5 (a). The upper half shows higher flow velocity as compared to lower half though all the velocity vectors show unidirectional flow towards the evaporating meniscus. It can be explained as follows. The buoyancy effect ( Figure 5(c) ) accelerates the flow in the upper half as it has same direction as that of capillary flow. However, the buoyancy effect opposes the capillary flow in the lower half due to opposite direction.
B. Large channel
Flow pattern inside large channel case having size 1000 µm × 1000 µm is presented in this section. The velocity vector fields at 100 µm and 900 µm from the lower surface of capillary are presented in Figure 6 . Velocity vector field near the lower wall ( Figure 6 (a)) shows fluid flowing away from the evaporating meniscus contrary to the small channel case. Velocity vector field near the upper wall ( Figure 6(b) ) shows flows towards the evaporating meniscus. The strength of flow for large channel case is higher as compared to small channel case. All these velocity vector fields in Figure 6 are 2D velocity measurements. Similar 2D measurements are carried out at 20 different vertical locations. Three dimensional velocity field is reconstructed from these 2D velocity measurements using continuity equation as mentioned in the previous section.
The reconstructed velocity field in a vertical plane for large capillary is presented in Figure 7 . It shows a downward movement of fluid near the evaporating meniscus causing circulating flow. But only one circulating loop is observed unlike two circulating loops in case of evaporating methanol and ethanol meniscus. Compensating flow only causes unidirectional flow which is observed for small channel case. Here, unidirectional flow is suppressed by the recirculating flow observed in Figure 7 . Surface tension driven Marangoni convection is absent in the evaporating water meniscus as mentioned in the previous section. Hence, the effect of Marangoni convection and compensating flow can be ruled out. Hence, only thermal Rayleigh convection is left which is the cause of the flow near the evaporating water meniscus. Evaporation from the meniscus reduces temperature at the meniscus causing temperature gradient near the meniscus. Temperature gradient creates density gradient causing buoyancy driven flow near the meniscus. For small capillary dimension, buoyancy force is not significant. Hence, no circulating flow is observed in small channel case. For larger capillary dimension, the gravitational effect become dominant causing buoyancy driven natural flow.
IV. CONCLUSION
We experimentally investigated the flow near an evaporating water meniscus formed at the end of a capillary. The flow was measured using confocal micro-PIV technique. The flow near the evaporating water meniscus occurs due to the combined effect of two mechanisms. First one is capillary flow towards the evaporating meniscus to replenish the water loss due to evaporation. Second one is due to buoyancy driven Rayleigh convection caused by temperature gradient. The nature of the flow pattern depends on the channel size. Flow inside smaller capillary shows unidirectional flow towards the evaporating meniscus to replenish the water loss at the meniscus due to evaporation. When the capillary size increases, thermal buoyancy effect caused by evaporative cooling near the meniscus becomes significant. One circulating loop is observed inside the channel due the buoyancy force. The fluid near the evaporating meniscus moves downward direction along the evaporating meniscus due to buoyancy effect. Such type of flow is contrary to the flow pattern observed near the evaporating water meniscus of ethanol and methanol. No surface tension driven Marangoni convection is observed near the water meniscus unlike evaporating ethanol and methanol meniscus where two circulating loops are observed due to thermal Marangoni convection. The reason for the absence of Marangoni convection is still not known. It needs further study to understand the phenomena.
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